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(54) Telescope mirror for high bandwidth free space optical data transmission 



(57) Optical mirror elements for high bandwidth free 
space optical communication are produced by an elec- 
troforming replication technique. Onto the precision sur- 
face of a mandrel that is a negative of the required op- 
tical surface a layer of metal is deposited f omriing an ex- 
act copy of the mandrel surface and is then separated 
to fomri the required optical element. During the produc- 
tion process the mandrel may be coated with a variety 



of materials that are then separated together with the 
electrofomed optical element during the release step to 
form a monolithic structure that includes a reflective 
coating. The mandrel remains unchanged by the proc- 
ess and can then be re-used. The high cost of conven- 
tional polishing techniques is therefore limited to the pro- 
duction of the mandrel. The replication process results 
In the production of low cost optical elements suitable 
for high bandwidth free space optical data transmission. 
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Description 

[0001] The present invention relates to the use and 
manufacturing process of telescope mirrors for high 
bandwidth free space optical data transmission. 
[0002] The increased need for high bandwidth (high 
data rate) communication links induced by the recent 
growth of the internet and other telecommunication 
means lead to renowned Interest in the free space op- 
tical data transmission (Whipple, "Free space commu- 
nications connects", Photonics at work, October 1 999). 
In free space optical communications the data are trans- 
mitted through a communication link between a trans- 
mitting station to a receiving station by a laser being 
preferably having a frequency of about 1550 nm without 
using a physical medium like an optical fibre or the like. 
Depending on the weather conditions communication 
links over a distance of several kilometres with a band- 
width of up to 2.5 Gb/s have been demonstrated (P. F. 
Szajowski et al, "Key elements of high-speed WDM ter- 
restrial free-space optical communications systems", 
SPIE Paper No. 3932-01). Such free space optical tel- 
ecommunication links are especially useful for connect- 
ing facilities having high data transmission needs like 
banks or universities in metropolitan areas with one an- 
other. Another possible application is the live and high 
bandwidth broadcasting of sports events, where an op- 
tical free space communication link can be set up tem- 
porality with low costs. 

[0003] In order to avoid health risks by the laser radi- 
ation the laser power has to be low (a few milliwatts) and 
the beam diameter must be large, about several 1 0 cen- 
timetres. To establish an optical free space communica- 
tion link the optical signal therefor has to be coupled out 
of an optic fibre network and directed with a transmis- 
sion telescope over the desired distance directly to the 
receiving telescope where the received beam has to be 
concentrated and coupled into an optical fibre networic. 
The reliability and the achievable free space distances 
depend on the efficiency of the transmitter as well as the 
receiver telescopes. It is known to use high precision 
glass or zerodur mirrors as reflective optical elements 
of the transmitter as well as the receiver. These are, 
however, expensive to manufacture with the required 
precision. 

[0004] There is therefore a need for cheap, reliable 
high precision optical elements for free space optical da- 
ta transmission. 

[0005] For space based X-ray telescopes reflection 
grating assemblies have been developed which contain 
up to 58 tubular shaped X-ray mirrors for concentrating 
the X-rays to a CCD camera. The X-ray reflectors have 
a combined paraboloidAhyperboloid geometry (Walter 
optics) and are manufactured by a nfckel electrofomiing 
process using a mandrel for defining the reflector geom- 
etry (D. de Chambure, et. al, "XMM's X-Ray telescopes", 
esa bulletin 100. December 1999; A. Valenzuela, "Pre- 
cision optics by large area replication", Proceedings 34* 



Li^ge International Astrophysics Colloquium The next 
generation space telescope: science drivers and tech- 
nological challenges', Lifege Belgium, 15-18 June1998 
ESA SP-429. October 1998; D. de Chambure, et al 
5 "Producing the X-ray mirrors for ESA's XMM space- 
craft", esa bulletin 89, February 1997; R. Graue, et.al, 
"Jet-X mirror assemblies-galvanoplastic technology 
and high energy performance", 47^ International astro- 
nautical congress, Beijing, China, October 7-11, 1996). 
10 [0006] It is therefore an object of the present invention 
to provide an optical element suitable for high bandwidth 
free space optical communication which can be manu- 
factured with high precision at moderate costs. 
[0007] The problem is solved by a method of manu- 
'5 facturing a telescope min-or comprising the steps of: (a) 
providing a mandrel defining the geometry of the tele- 
scope min-or, (b) depositing a reflective layer on the 
mandrel surface, (c) electrofomiing a mirror body onto 
the reflective layer by an electrochemical process, (d) 
20 releasing the min-or body with the reflective layer from 
the mandrel, wherein the electrofomiing process and 
the release process are controlled such that the building 
up of internal mechanical tension within the mirror body 
is suppressed. 

25 [0008] The method according to the invention pro- 
vides a telescope mirror having a highly accurate geom- 
etry for achieving a high optical perfomnance. The de- 
sign geometry is realized with high accuracy with the 
mandrel or masterpiece by machining and polishing 

30 techniques known from optical lenses. The mandrel is 
preferably made of glass or zerodur material. According 
to the invention the geometry of the mandrel can be rep- 
licated many times and with high accuracy through the 
electrofomning process. This high precision can be 

35 achieved by controlling the electrofomiing process such 
that the building up of internal mechanical tension within 
the mirror body or shell is suppressed. Consequently the 
deformation of the min-or geometry through the release 
of intemal mechanical stresses can be avoided. 

^ [0009] Furthennore, the method according to the in- 
vention allows the production of the optbal (infrared) re- 
flective layer having very low surface roughness. The 
reason is that the optical surface is not, like with con- 
ventional deposition technique, the deposition side sur- 

45 face having an unavoidable roughness but the opposite 
side surface of the reflective layer having fonned an in- 
terface to the smoothened and polished mandrel sur- 
face. 

[0010] Preferably, the internal mechanical tension of 
50 the telescope minor is measured during the electrofor- 
ming process at an additional electrofomiing sample, 
which is processed in parallel with the telescope min-or. 
Alternatively an electronic stress measurement device 
may be employed. 
55 [0011] In order to achieve a high surface and the ge- 
ometry accuracy the deposition of the reflective layer is 
preferably earned out in a vacuum or electrochemical 
environment and the release step is carried out in dean 
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room conditions. The release step is also optinnized to 
avoid internal mechanical tension of the telescope mir- 
ror impairing geometry accuracy. Therefore, the release 
process must be perfomied uniformly over the whole ge- 
ometry and a sticking of min-or shell portions to the man- 5 
drel must carefully be avoided. 
[0012] The min-or body can be electrofomied using 
nickel or a nrckel alloy. Other suitable materials, howev- 
er, may also be used. 

[001 3] The electrof orming Is preferably carried out us- io 
Ing an electrochemical liquid having a temperature of 
between 40 •C and 70 *C. 

[001 4] For manufacturing a thin and/or large mirror a 
supporting structure may be attached to the min-or body. 
The attachment or combining step may be carried out is 
before or after releasing the mirror body from the man- 
drel. In orderto avoid the building up of intemal mechan- 
ical stress within the min-or body an attaching step Is 
preferably carried out under temperature conditions 
similar to the operating temperature of the finished tel- 20 
escope mirror. 

[0015] The present invention further provides a trans- 
ceiver device for high bandwidth free space optfcal data 
transmission comprising at least one reflector element 
having: a reflector body fomied by an electrochemical 25 
replication technique using a mandrel defining the ge- 
ometry of the reflector element, and a thin reflective lay- 
er on the reflector body. 

[0016] In order to achieve high optical perfomiance 
the deviation of a reflector element geometry from the 3o 
designed geometry is preferably smaller than 50 jim. 
Deviations even smaller than 1 ^m, however, are also 
achievable with the present invention. 
[0017] The reflector elements according to the 
present invention may have a wide range of different 35 
thicknesses. For thinner reflector elements a supporting 
structure may be used. It Is also possible to employ a 
supporting structure including actuators for adapting 
and correcting the geometry of the reflector element. 
[0018] The present invention solves the above cited 40 
object furthermore with the use of reflector elements 
fonned by an electrochemical replication technique us- 
ing a mandrel defining the geometry of the reflector el- 
ement as optical mirrors for high bandwidth free space 
optical data transmission. 45 
[001 9] According to a still further aspect of the present 
invention there is provided a method of high bandwidth 
free space optical data transmission from a transmitter 
station to a receiver station wherein at least one of the 
transmitter station and the receiver station comprises so 
optical reflector elements fonned by an electrochemical 
reptotlon technique using a mandrel which defines the 
geometry of optical reflector element. 
[0020] The dependent claims describe further pre- 
ferred features of the present invention. 55 
[0021 ] The invention will become more readily appar- 
ent from the following description of preferred embodi- 
ments in connection with the attached drawings in 



which: 

Figure 1 Is a schematic illustration of a high band- 
width free space optical communication link accord- 
ing to the present invention; 

Figure 2a is a cross section view of an optical tele- 
scope according to the invention having a primary 
minror and a secondary mirror; 

Figure 2b is a plan view of the backside of the optical 
telescope of Figure 2a; • 

Figure 2c is a backside plan view of another em- 
bodiment of an optical telescope according to the 
invention; 

Figures 3a through 3f show method steps of a mirror 
manufacturing process according to the present in- 
vention; and 

Figures 4a through 4c illustrate mirror manufactur- 
ing steps according to the present invention in more 
detail. 

[0022] Figure 1 is a schematical illustration of a free 
space optical communication link according to the 
present invention. A transmitter station (left side) and a 
receiving station (right side) each comprising an optical 
fibre network are connected by a free space communi- 
cation link between transceivers 20 preferably using in- 
frared light having a wavelength of about 1550 nm. The 
optical signal is coupled from the optical fibre networic 
30 through the optical fibre terminal 31 into the trans- 
ceiver 20 comprising a primary mirror 21 and a second- 
ary mirror 22. The optical signal is then transformed into 
a parallel light being having diameter of several ten cen- 
timetres. This large diameter is necessary in order to 
avoid potentially hazardous light Intensities. The parallel 
light beam is then received by the receiving telescope 
20 (in Figure 1 on the right hand side). It is obvious that 
the transmission efficiency and so the maximum possi- 
ble distance depends on an exactly parallel light beam. 
This can only be achieved if the min-ors 21 , 22 only min- 
imally deviate from the designed geometry. This exact 
geometry is on the other hand also necessary on the 
receiving side for achieving a high concentrator efficien- 
cy into the optical fibre network. With highly precise tel- 
escope min-ors according to the invention an optical tel- 
ecommunication link having a high efficiency and per- 
fomnance can therefore be realized. 
[0023] Figure 2a shows a preferred embodiment of an 
optical telescope min-or according to the present inven- 
tion. As shown in Figure 1 the telescope min-or compris- 
es a primary mirror 21 and a secondary mirror 22 being 
exactly positioned to transfomri a small diameter light 
beam falling through an aperture 29 into a parallel light 
beam. The primary min-or 21 is supported by a support- 
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ing ring 23a to stabilize the mirror geometry under the 
influence of gravity. In the shown embodiment the sup- 
porting structure 23a has the form of a ring as is best 
seen in Figure 2b. Any other suitable geometry, howev- 
er, is also conceivable. 

[0024] Figure 2c shows another embodiment of the 
mirror 21 according to the invention having a supporting 
structure comprising actuators 23b connected by sup- 
porting elements 23c. With the actuators 23b the geom- 
etry of the min-or 21 can be adapted and corrected. As 
actuators 23b piezoelectric elements or electromagnet- 
ic elements having a high accuracy and short response 
time may be employed. 

[0025] Figure 3 schematically shows method steps for 
manufacturing an optical min-or or reflector element ac- 
cording to the present Invention. In the method step a) 
a mandrel 10 fixed on a rotatable shaft 11 is machined 
using a suitable machining tool 12. In step b) the man- 
drel or masterpiece 10 is polished with a suitable pol- 
ishing tool 13. Method steps a) and b) are known in the 
art of producing optical mim)rs. To achieve a high geo- 
metrical accuracy and surface smoothness these meth- 
od steps have to be earned out very carefully by skilled 
and experienced technteians. TTie manufacturing of a 
precise mandrel 10 is therefore time consuming and 
costly. As material for the mandrel glass, zerodur 
Polymetylmetacrylat (PMMA), composite material, and 
metal may be used. 

[0026] Then, in method step c) mandrel 1 0 has to be 
cleaned in order to remove chemical contamination, 
dust and particles from the surface. In method step d) a 
reflective layer is deposited onto the curved surface of 
the mandrel, for example by evaporating or sputtering 
gold from a gold source 15. Other coating materials in- 
stead of high purity gold may also be employed. The 
reflective layer material may be optimized to ensure a 
maximum reflectivity in the desired operational wave- 
length range. The reflective layer indicated by reference 
numeral 26 (Figure 4) has preferably a thickness of sev- 
eral ten nanometers to several hundred nanometers. 
[0027] The process is continued with method step e) 
in which the min-or or reflector body 25 (Figure 4) is 
made by electrofomriing. Electroforming facility 16 is 
filled with an electrochemical fluid, for example a mixture 
of nickel salt in water solution suitable to grow Ni shells. 
The mandrel 10 coated with the gold film 26 is located 
in the electroforming bath opposite to a positive elec- 
trode 1 7. Mandrel 1 0 as well as an additional electrofor- 
ming sample 18 are connected witii the negative elec- 
trode. Applying a voltage across the electrodes initiates 
the electrochemfcal process during which a nickel layer 
25 is fonmed on the gold layer 26. As mentioned before 
the invention is not restricted to the use of these mate- 
rials. Any suitable materials may be selected by the 
skilled person. 

[0028] Simultaneously an electroforming sample 1 8 is 
grown by the same electrochemical process. This sam- 
ple 18 is used to measure possible internal mechanical 



tensions building up through the electroforming process 
using suitable analyzing techniques. The process is 
then controlled such that these internal mechanical ten- 
sions can be minimized. The temperature of the elec- 
5 trofomning bath is preferably between 40 'C and 70 **C. 
[0029] Now follows release step f). The min-or 21 , 22 
consisting of ttie mirror body 25 and the reflective layer 
26 is unifomnly and carefully released from mandrel 10. 
During this process step partial sticking of layer 26 to 
10 the mandrel is carefully avoided which would result in 
unwanted intemal mechank;al tension. For insuring a 
uniform release the cleaning step c) is essential. 
[0030] In Figure 4 the method steps of reflective layer 
deposition, electrofomriing and release are depicted in 
'5 more detail. Figure 4a shows a portion of mandrel 1 0 on 
which the reflective (gold) layer 26 having a thickness 
of several ten to several hundred nanometers has been 
deposited. Figure 4b shows the subsequent grown mir- 
ror body or shell 25. The adhesion of the reflective layer 
20 26 (for example, gold) to the mirror shell 25 (for example, 
nickel) is higher than the adhesion of ttie reflective layer 
to mandrel 10. Shell 25 and reflective layer 26 are then 
released together from the mandrel. As can be seen 
from Figure 4 the optical surface of reflection layer 26 is 
25 ttie surface which has formed ttie interface with the man- 
drel having a very high surface smoothness. Therefore 
the surface smoothness of the reflective layer 26 of the 
present invention is much better than that of a reflective 
layer obtained by deposition on a conventional mirror 
30 due to surface roughness caused by the deposition 
process. 

[0031] The mirror or reflective element may be pro- 
vided with a supporting structure as for example, a ring 
23a as shown in Figures 2a and 2b. This supporting ring 
35 is particularty useful if the mirror shell 25 is thin com- 
pared to the reflector diameter. The supporting structure 
may be attached before or after the release step f) in 
Figures. Preferably the supporting structure attachment 
step is canied out under temperature conditions similar 
40 to the operating temperature of the finished telescope. 
[0032] For the supporting structure a material having 
a thermal expansion coefficient similar to that of the mir- 
ror shell is used. The deviation of the themial expansion 
coefficient is preferably smaller ttian 1%, more prefera- 
^ biy smaller than 0.1 %. This avoids a building up of me- 
chanical stresses in the mirror body causing unwanted 
geometrical distortions. 

[0033] The present invention allows the production of 
high precision optical elements by an electroforming 
50 replication technique in which one or more objects are 
electroplated onto the precision surface of a mandrel 
(masterpiece) that is an exact negative of tiie required 
surface. The layer of the deposited metal fomns an exact 
copy of the mandrel surface that is then separated from 
55 ttie produced optical element. During the production 
process the master can be coated with a variety of ma- 
terials that are separated with the electrofonned object 
during the release to form a monolithic structure that in- 
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dudes a reflective coating. The mandrel remains un- 
changed by the process and can then be reused so that 
the high cost of conventional polishing techniques is lim- 
ited to the production of the mandrel and results in the 
production of low cost high precision mirrors. The proc- 5 
ess according to the invention is particularly advanta- 
geous for the production of optical elements which have 
a high curvature. This high curvature allows the produc- 
tion of compact telescopes. It is to be understood that 
the present Invention is applicable to any desired data io 
transmission carrier wavelength and that the expression 
'optical' Is not to be interpreted as restriction to the vis- 
ible and Infrared spectrum. 

List of reference numerals is 



2. The method according to claim 1 , wherein the inter- 
nal mechanical tension is measured during the 
electrofomning process using an additional electro- 
forming sample (18) which Is electroformed In par- 
allel and/or an electronic stress measurement de- 
vice. 

3. The method according to claim 1 or 2 further includ- 
ing the step of cleaning the mandrel (1 0) between 
the method steps (a) and (b). 

4. The method according to one of claims 1 to 3, 
wherein the step of depositing the reflective layer 
(26) is carried out in a vacuum or electrochemical 
environment. 
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40 

Claims 

1 . A method of manufacturing a telescope min^or (21 , 
22) comprising the steps of: 

45 

(a) providing a mandrel (1 0) defining the geom- 
etry of the telescope min^or, 

(b) depositing a reflective layer (26) on the man- 
drel surface, 

(c) electroforming a mirror body (25) onto the so 
reflective layer (26) by an electrochemical proc- 
ess, 

(d) releasing the min-or body (25) with the re- 
flective layer (26) from the mandrel (1 0), 

wherein the electroforming process and 55 
the release process are controlled such that the 
building up of internal mechanical tension with- 
in the minror body is suppressed. 



5. The method according to one of claims 1 to 4, 
wherein method step (d) Is camed in clean room 
conditions. 

6. The method according to one of claims 1 to 5, 
wherein the mirror body (25) is electrofomned of Ni 
or Nl-alloy materials. 

7. The method according to one of claims 1 to 6, 
wherein the electroforming step is carried out using 
an electrochemical liquid having a temperature of 
between 40 *C and 70 *C. 

8. The method according to one of claims 1 to 7, 
wherein a supporting structure (23) Is attached to 
the mirror body (25). 

9. The method according to claim 8, wherein the sup- 
porting structure (23) Is attached to the minror body 
before releasing the latter from the mandrel. 

10. The method according to claim 8, wherein the sup- 
porting structure (23) Is attached to the mln-or body 
after releasing the latter from the mandrel. 

11. The method according to one of claims 8 to 10, 
wherein the supporting structure attaching step is 
earned out under temperature conditions similar to 
the operating temperature of the telescope minror. 

12. The method according to one of claims 1 to 11, 
wherein mandrels made of glass, zerodur, 
Polymetylmetacrylat (PMMA), composite material 
or metal are provided, 

13. The method according to one of claims 1 to 12, 
wherein pure gold Is used as material of the reflec- 
tive layer (26) in method step (b). 

14. A transceiver device (20) for high bandwidth free 
space optical data transmission comprising at least 
one reflector element (21 , 22) having: 
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- a reflector body (25) formed by an electrochem- 
ical replication technique using a mandrel (10) 
defining the geometry of the reflector element, 
and 

- a thin reflective layer (26) on the reflector body, s 

15. The transceiver according to claim 1 4, wherein the 
deviation of the reflector element from the design 
geometry is at any part of the reflector smaller than 

50 Jim, preferably smaller than 1 0 jim, more prefer- io 
ably smaller than 1 jim. 

16. The transceiver according to one of claims 1 4 or 1 5, 
comprising a primary (21 ) and a secondary (22) mir- 
ror for concentrating an incoming electromagnetic is 
wave into an optical fibre. 

17. The transceiver according to one of claims 14 to 16, 
wherein the reflector element (21 , 22) has a thick- 
ness in the range of 2 to 1 0 mm. 20 

18. The transceiver according to one claims 14 to 16, 
wherein the reflector element has a thickness of be- 
tween 0,5 and 5 mm and being supported by a sup- 
porting structure (23). 25 

19. The transceiver according to one of claims 14 to 16 
wherein the reflector element has a thickness of be- 
tween 10 Jim and 500 jim and being supported by 

a supporting structure including actuators {23b) for 30 
adapting and correcting the geometry of the reflec- 
tor element. 

20. A telescope min-or (20) for high bandwidth free 
space optical data transmission comprising: 35 

- a mirror body (25) fomied by an electrochemi- 
cal replication process using a mandrel (10) de- 
fining a geometry of telescope mirror, 

- an optical reflective coating (26) on the minror 40 
body. 



24. The telescope mirror according to one of claims 20 
to 22, wherein the supporting structure has a ring 
geometry {23a). 

25. The telescope mirror according to one of claims 20 
to 24, wherein the optical reflective coating consists 
of a thin high reflectivity metal film. 

26. The use of reflector elements (21 , 22) formed by an 
electrochemical replication technique using a man- 
drel (10) defining the geometry of the reflector ele- 
ment as optical mirrors for high bandwidth free 
space optical data transmission. 

27. A method of high bandwidth free space optical data 
transmission from a transmitter station to a receiver 
station wherein at least one of the transmitter sta- 
tion and the receiver station comprises optical re- 
flector elements (21 , 22) fomned by an electrochem- 
ical replication technique using a mandrel (10) 
which defines the geometry of the optical reflector 
element (21 , 22). 

28. The method according to claim 27, wherein the re- 
ceiver station comprises optical reflector elements 
for concentrating a light beam having a diameter of 
between 10 and 100 cm into an optical fibre con- 
nection (31) having a diameter less than 150 jim 
with an efficiency of more than 80%, preferably 
more than 90%. 

29. The method according to claim 27 or 28, wherein 
light having a wavelength of about 1550 nm is used 
for the data transmission. 

30. The method according to one of claims 1 to 13 or 
27 to 29, wherein the mandrel surface defines the 
surface smoothness of the reflective layer surface 
of the optical telescope. 



21. The telescope mirror according to claim 20 further 
comprising a supporting structure (23) supporting 
said mirror body on the side opposite to the optical 45 
reflective coating, wherein the themnal expansion 
coefficient of said mimor body and said supporting 
structure are equal to one another within a deviation 

of 1%, preferably of 0.1%. 

50 

22. The telescope mirror according to claim 21 , wherein 
the supporting structure is formed by an electrofor- 
ming process. 



23. The telescope mirror according to claim 21 or 22, 55 
wherein the material of the supporting structure Is 
the same as the material of the mirror body. 
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